Dependence of the spectral functions on temperature and rare-earth substitution was examined in detail for Kondo semiconductor alloys Sm1−xEuxB6 and Yb1−xLuxB12 by bulk-sensitive photoemission. It is found that the 4f lattice coherence and intrinsic (small) energy gap are robust for SmB6 against the Eu substitution up to x = 0.15 while both collapse by Lu substitution already at x = 0.125 for YbB12. Our results suggest that the mechanism of the intrinsic gap formation is different between SmB6 and YbB12 although they were so far categorized in the same kind of Kondo semiconductors. Photoelectron spectroscopy (PES) is one of the powerful tools to directly determine the density of state (DOS) as well as quasiparticle band structures. To date, PES studies, using conventional photon energies (hν ∼ 20-100 eV), have been performed for SmB 6 [3] and YbB 12 [13] . These conventional PESs have, however, the inherent problem of the surface-sensitivity due to the short inelastic mean-free path (IMFP) of photoelectrons [14] , where the IMFP is restricted to less than ∼5Å. Since the surface of such Kondo semiconductors are thought to be metallic [15] , more bulk-sensitive PES studies are desired. In this decade, hard x-ray PES (HAXPES) has been widely recognized as a highly bulk-sensitive technique because of the long IMFP and intensively applied to various strongly correlated electron systems [16] . The IMFP reaches up to ∼100Å at hν ∼ 8 keV. Recently, extremely low-energy (hν 10 eV) PES (ELEPES) with excitations by laser, synchrotron radiation (SR), or Xe resonance line, has also become popular as a bulksensitive ultra-high-resolution technique [17] . The IMFP for ELEPES is expected to reach values comparable to that for HAXPES under certain conditions. Thus, combined HAXPES and ELEPES studies are extremely useful for revealing intrinsic bulk electronic structures for SmB 6 and YbB 12 .
Dependence of the spectral functions on temperature and rare-earth substitution was examined in detail for Kondo semiconductor alloys Sm1−xEuxB6 and Yb1−xLuxB12 by bulk-sensitive photoemission. It is found that the 4f lattice coherence and intrinsic (small) energy gap are robust for SmB6 against the Eu substitution up to x = 0.15 while both collapse by Lu substitution already at x = 0.125 for YbB12. Our results suggest that the mechanism of the intrinsic gap formation is different between SmB6 and YbB12 although they were so far categorized in the same kind of Kondo semiconductors. Strongly correlated electron systems based on rareearth (RE) elements have attracted wide interest in the past few decades due to their intriguing properties, such as valence-fluctuation (VF), metal-insulator (-semiconductor) transitions, and heavy-fermion superconductivity near the quantum critical point. Among them, SmB 6 [1] and YbB 12 [2] are well known as typical VF Kondo semiconductors. At high temperatures the Kondo semiconductors behave as metals with localized f magnetic moments, whereas a narrow gap opens at the Fermi level (E F ) below the characteristic temperature T * , which has been reported as T * ∼ 140 K for SmB 6 [3] and T * ∼ 80 K for YbB 12 [4] . The gaps of single crystal SmB 6 and YbB 12 have been deduced from the transport, optical, and inelastic neutron scattering (INS) measurements. The so-called hybridization-gap model has been proposed to explain the gap formation. Recently, two types of gaps with different magnitude were reported as the so-called "large" gap (∆ L ∼ 10-20 meV) and "small" gap (∆ S ∼ 3-7 meV) [5] , where the latter takes place for the in-gap states formed within the large gap. The in-gap states are often seen in Kondo semiconductors (not only SmB 6 [6] and YbB 12 [7] but also Ce 3 Bi 4 Pt 3 [8] and FeSi [9] ). Various theoretical approaches have been performed to interpret the evolution of the large and small gaps as well as the VF behavior by means of such as Wigner lattice model [10] , exciton-polaron model [11] , and Anderson lattice model at half filling [12] . Despite numerous experimental and theoretical studies, the origin of the gap states is not yet clarified.
Photoelectron spectroscopy (PES) is one of the powerful tools to directly determine the density of state (DOS) as well as quasiparticle band structures. To date, PES studies, using conventional photon energies (hν ∼ 20-100 eV), have been performed for SmB 6 [3] and YbB 12 [13] . These conventional PESs have, however, the inherent problem of the surface-sensitivity due to the short inelastic mean-free path (IMFP) of photoelectrons [14] , where the IMFP is restricted to less than ∼5Å. Since the surface of such Kondo semiconductors are thought to be metallic [15] , more bulk-sensitive PES studies are desired. In this decade, hard x-ray PES (HAXPES) has been widely recognized as a highly bulk-sensitive technique because of the long IMFP and intensively applied to various strongly correlated electron systems [16] . The IMFP reaches up to ∼100Å at hν ∼ 8 keV. Recently, extremely low-energy (hν 10 eV) PES (ELEPES) with excitations by laser, synchrotron radiation (SR), or Xe resonance line, has also become popular as a bulksensitive ultra-high-resolution technique [17] . The IMFP for ELEPES is expected to reach values comparable to that for HAXPES under certain conditions. Thus, combined HAXPES and ELEPES studies are extremely useful for revealing intrinsic bulk electronic structures for SmB 6 and YbB 12 .
In our recent HAXPES experiments for the Kondo semiconductor alloys Yb 1−x Lu x B 12 [18] , it is concluded that the Yb 4f lattice coherence is effective for x = 0, which collapses easily by Lu substitution (already at x = 0.125). In addition, optical studies have independently shown that the gap collapses for x = 0.125 [19] . From these results, it has been deduced that the Yb 4f lattice coherence plays an essential role for the gap formation in pure YbB 12 . In the INS studies [20] , however, it was sug- gested that the spin-gap of ∼10 meV could be driven by the Yb 4f single-site effects because the gap can be robust up to x = 0.9. To fully understand the origin of the gaps in Kondo semiconductors, the competition between 4f lattice coherence effects and 4f single-site effects must be carefully studied in various cases. Here, we report on bulk-sensitive HAXPES and ELEPES on the Kondo semiconductor alloys Sm 1−x Eu x B 6 and Yb 1−x Lu x B 12 including the doping and temperature dependence.
Single crystals of Sm 1−x Eu x B 6 (cubic CaB 6 type: x = 0, 0.15, and 0.5) [21] and Yb 1−x Lu x B 12 (cubic UB 12 type: x = 0 and 0.125) [4] were grown by Al flux and floatingzone methods. HAXPES measurements were performed with SR (hν ∼ 8 keV) at BL19LXU of SPring-8 [22] , using an MBS A1-HE spectrometer. ELEPES measurements were performed with SR (hν = 7 eV) and an MBS A1 spectrometer at BL7U of UVSOR-II [23] , as well as with an RF-excited MBS T-1 lamp (Xe I resonance line: hν = 8.4 eV) and a SCIENTA SES2002 spectrometer in Osaka University [24] . Clean surfaces of all samples were obtained by in situ fracturing in a vacuum with a base pressure of ∼5 × 10 −8 Pa. The energy calibration was performed with the Au Fermi edge at each temperature. The total-energy resolution was set to 120 meV for Sm 1−x Eu x B 6 and 65 meV for Yb 1−x Lu x B 12 [18] in HAXPES and 6 meV for both systems in ELEPES. [18] in Fig. 1(b) . At hν ∼ 8 keV the photoionization cross sections [25] of Sm and Yb 4f states are higher than those of B 2sp and RE 5d states. Therefore, the spectra near E F at hν ∼ 8 keV for these materials are dominated by the excitations f 6 [27] [line spectra in Fig. 1(a) ], whereas the single peaks for Yb 1−x Lu x B 12 are ascribed to the Yb 4f 13 7/2 final-state. In Fig. 1(a) , the Sm 4f 5 peaks for x = 0 and 0.15 in Sm 1−x Eu x B 6 clearly show the energy shift toward E F on going from 200 to 20 K, while those for x = 0.5 no longer show such an energy shift. To estimate the value of the peak shift, the spectra were fitted with Lorentzian (for the slight life time broadening) and Gaussian (for the instrumental resolution) broadened functions as shown by the solid lines in Fig. 1(a) . The relative intensity and energy for the Sm 4f multiplets are properly taken into account [27] . The estimated peak shift toward E F on cooling for x = 0 and 0.15 is ∼40 meV, while that for x = 0.5 is less than 10 meV in Sm 1−x Eu x B 6 . On the other hand, the Yb 4f peak shift toward E F is ∼20 meV for x = 0 whereas it is at most 10 meV for x = 0.125 in Yb 1−x Lu x B 12 [ Fig. 1(b) ]. The temperature dependence of the 4f peaks observed for x = 0 and 0.15 in Sm 1−x Eu x B 6 is qualitatively similar to that for pure YbB 12 , in which the Yb 4f lattice coherence is essential for both peak shift and gap formation. Such a 4f peak shift with temperature, derived from the 4f lattice coherence effects, has also been discussed in YbAl 3 [28] and YbInCu 4 [29] . In this sense, the Sm 4f lattice coherence survives not only for x = 0 but also for x = 0.15 in Sm 1−x Eu x B 6 .
In order to study the details of the relation between the gap formation and the 4f lattice coherence for both systems overcoming the resolution limit of HAXPES, we have performed the ELEPES with high resolution. The doping and temperature dependent ELEPES spectra near E F for Sm 1−x Eu x B 6 and Yb 1−x Lu x B 12 are presented in Figs. 2(a) and 2(b) . The observed spectra are dominated by the non-4f states, i.e., B 2sp and RE 5d states hybridized with the Sm or Yb 4f states [25] . In SmB 6 , the spectral weight at E F decreases gradually and the peak narrows and shifts toward E F with decreasing the temperature from 200 to 5 K. The so-called leadingedge of the spectra is clearly observed on the occupied state side, demonstrating a finite gap at low temperatures. The spectra show a prominent peak at 18 meV below 15 K. The spectra of Sm 1−x Eu x B 6 with x = 0.15 show the similar temperature dependence while the spectra for x = 0.5 show a typical metallic thermal behavior even at low temperatures without a prominent peak. This narrow peak at low temperatures has also been observed at the same binding energy in several spectra measured at hν between 7 and 12 eV for x = 0.15 (not shown here). Therefore, both matrix element effects and surface contributions can be neglected. In transport measurements, an exponential increase in the electrical resistivity The inset of (b) describes the doping dependence of the spectra for Yb1−xLuxB12 at 5 K. The intensity of all these spectra is normalized at EB = 100-120 meV, where the spectra show no temperature dependence in both systems.
due to the gap formation on cooling has been observed for x 0.2, in consistence with the present ELEPES results. In the case of YbB 12 , the spectra show a slight decrease of the intensity at E F upon cooling, suggesting a gap formation [ Fig. 2(b) ], where two peaks are observed at 15 and 45 meV at low temperatures (indicated by arrows) like the previous work by SR at hν = 15.8 eV [30] . For the Lu doping up to x = 0.125, the two peaks are located at almost the same positions. However, a clear difference between for x = 0 and 0.125 is seen at 5 K as shown in the inset of Fig. 2(b) . The intensity around E F is definitely higher for x = 0.125.
Another feature to be noticed in the ELEPES spectra is a different temperature dependence between SmB 6 and YbB 12 in the range of 5-15 K, which are far below the characteristic temperature T * . Namely, the spectral weight of the narrow peak is further enhanced from 15 to 5 K for SmB 6 , while such a temperature dependence is not seen for YbB 12 . These results have revealed that the electronic state of YbB 12 is almost in the ground state at 15 K (T * ∼ 80 K) but that of SmB 6 is still not in the ground state even at 15 K (T * ∼ 140 K). For advanced discussions on the doping and temperature dependence of the gap behaviors and peak structures, the spectral DOS information has been obtained by dividing the ELEPES spectra by the Fermi-Dirac function convoluted with the instrumental resolution (6 meV). The results are displayed in Fig. 3 , where we show the spectral DOS up to 3k B T above E F keeping high enough statistics. The gap for SmB 6 is estimated to be ∼10 meV from the energy difference between E F and the intersection point of two spectra at 5 and 200 K [∆ L in the inset of Fig. 3(a) ]. This energy may correspond to that of the "large" gap obtained by other experiments [15] . In the spectral DOS at 5 K we cannot notice any additional structure such as in-gap state, though the data are of much higher statistics than results so far reported. However, the spectral intensity at E F is gradually suppressed from T * ∼ 140 K to low temperatures for both x = 0 and 0.15 as shown together in the inset of Fig. 3(b) . The temperature dependence for x = 0.15 is essentially equivalent with that for x = 0, whereas the intensity stays constant for x = 0.5 (data not shown). Therefore, one can safely conclude that not only the large gap but also the small gap do not collapse in x = 0.15 Sm 1−x Eu x B 6 up to 50 K. The non observation of the possible in-gap state at ∼3 meV below 13 K [6] in our ELEPES may be due to the limited resolution or too low DOS of this state. Meanwhile, the peak shifts almost linearly toward E F with decreasing temperature for both x = 0 and 0.15 as shown in Figs. 3(a) and 3(b) . It is, however, found that the peak energy for x = 0.15 is ∼5 meV smaller than x = 0 at each temperature. Furthermore, the peak intensity is lower for x = 0.15 [see a comparison of the spectral DOS between x = 0 and 0.15 at 15 K in Fig. 3(c) ]. In our Sm 3d HAXPES studies of Sm 1−x Eu x B 6 [31] , the estimated bulk Sm valence increases from ∼2.58 for x = 0 to ∼2.68 for x = 0.15 at 20 K, suggesting the decrease of the hybridization between the Sm 4f and non-4f (B 2sp and RE 5d) states with rising x. Thus the peak shift and the decrease in the peak intensity with x observed in the ELEPES can be understood by considering the reduction of the 4f hybridization.
In Yb 1−x Lu x B 12 the spectral DOS for x = 0 and 0.125 is shown in Figs. 3(d) and 3(e) . For both, the intensity of the peaks at 15 and 45 meV (the origin of these two peaks is discussed in Refs. [30, 32] ) reduces with increasing temperature and the peaks are almost smeared out above ∼100 K. One can see no remarkable changes of the temperature dependence of the peaks by Lu substitution. The gap of YbB 12 is estimated to be ∼10 meV [see the inset of Fig. 3(d) ], in consistence with the "large" gap reported by the electrical resistivity [4] . As seen in Figs. 3(d) and 2(b) , the intensity at E F for x = 0 decreases upon cooling as indicated by red triangles ( ) in the inset of Fig. 3(e) . Below T * ∼ 80 K, it starts to reduce steeply. However, the intensities at E F for x = 0.125 do not decrease so much as shown in Fig. 3(e) and the inset [blue triangles (▽)]. The direct comparison of DOS between x = 0 and 0.125 at low temperatures is shown in Fig. 3(f) . One finds that the spectral DOS near E F recovers noticeably for x = 0.125. This energy scale below ∼7 meV is comparable to the magnitude of the "small" gap [4] . We conclude that the small gap (∆ S 7 meV) closes at low temperatures, whereas the large gap (∆ L 10 meV) still remains with Lu substitution. From the doping dependence of these two gaps for Yb 1−x Lu x B 12 , we conclude as the small gap collapses when the 4f lattice coherence is broken, while the large gap survives in this systems because it is induced by the 4f single-site effects. The spin-gap, robustly detected up to x = 0.9 in the INS for Yb 1−x Lu x B 12 [20] , might have such a character as the presently observed large gap. As already mentioned, the small gap as well as the large gap survive at low temperatures at least up to x = 0.15 and up to 50 K in Sm 1−x Eu x B 6 whereas the small gap collapses already for x = 0.125 even at 5 K in Yb 1−x Lu x B 12 , where the small gap is responsible for the semiconducting behavior. These results are found to be correlated well with the temperature dependence of the 4f spectra in Fig. 1 , which suggests that the 4f lattice coherence for SmB 6 is more robust than YbB 12 against the RE substitution. Within the periodic Anderson model and/or hybridization-gap model [12, 33] , the electronic structure of Kondo semiconductors is equivalent to that of usual band insulators at low temperatures due to the renormalization. Therefore, it is expected from these models that the intrinsic gap should be closed at E F for Kondo semiconductors by the collapse of the 4f lattice coherence and/or by the deviation of the electron number from even integers. In addition, these models suggest that the spectral function is independent of temperature in the region well below T * . These features are consistent with the results for Yb 1−x Lu x B 12 at T 15 K, but contradicting the results in Sm 1−x Eu x B 6 . One might think as the doping dependence of the 4f mean valence could be responsible for the qualitative difference in spectral behaviors between SmB 6 and YbB 12 . However, the 4f mean valence is clearly enhanced with x for Sm 1−x Eu x B 6 [31] whereas it is hardly changed in Yb 1−x Lu x B 12 on going from x = 0 to 0.125 [18] . Then the mean valence and its doping dependence are found to be rather independent of the collapse of the intrinsic small gap. Our results have revealed that the mechanism of the small gap formation for SmB 6 is different from that for YbB 12 , although they have so far been categorized in the same kind of Kondo semiconductors.
In conclusion, combination of bulk-sensitive HAXPES and ELEPES is found to be a very powerful method for studying electronic structures of strongly correlated electron systems as the Kondo semiconductors. It is found that the 4f lattice periodicity is essential for the gap formation and collapse in YbB 12 while such a scenario cannot explain the stability of the small gap against Eu substitution up to x = 0.15 for Sm 1−x Eu x B 6 .
